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leaf	 area	 (SLA),	 have	been	 shown	 to	 strongly	 relate	 to	 ecosystem	productivity,	
respiration	and	nutrient	cycling.	Furthermore,	increasing	plant	functional	trait	di-
versity	has	been	suggested	as	a	possible	mechanism	to	increase	ecosystem	carbon	













nity	 structure)	were	 similar	 in	monocultures	 and	mixed	 communities,	 but	 they	
were	more	strongly	linked	to	shoot	traits	in	monocultures	and	root	traits	in	mixed	
communities.	 Structural	 equation	 modelling	 showed	 that	 above-	 and	













have	been	 linked	with	below-ground	C	 inputs	 (Guyonnet,	Cantarel,	





















matter	 content	 (RDMC)	 and	 the	 lignin-to-N	 ratio	 were	 negatively	











traits	 were	 more	 strongly	 determined	 by	 phylogenetic	 relatedness	














sets	 of	 species	 with	 distinct	 functional	 attributes	 (Wardle,	 2016).	
Furthermore,	 environmental	 gradients	 typically	 involve	 concomi-
tant	 changes	 to	both	environmental	 factors	 and	 the	plant	 commu-
nity.	This	makes	it	difficult	to	tease	apart	plant	community	responses	
below-ground	 traits	 and	 soil	 properties	 improved	 predictions	 of	 ecosystem	 C	
fluxes	in	monocultures,	but	not	in	mixed	communities	on	the	basis	of	community-
weighted	mean	traits.




while	 plant	 traits	 can	 be	 used	 to	 predict	 certain	 soil	 properties	 and	 ecosystem	
functions	in	monocultures,	they	are	less	effective	for	predicting	how	changes	in	
plant	species	composition	influence	ecosystem	functions	in	mixed	communities.
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ships	between	 leaf	and	 root	 traits,	 soil	properties	and	ecosystem	C	
fluxes.	We	 then	used	 this	model	 to	 test	 if	 these	 relationships	were	
similar	in	both	potted	monocultures	and	mixed	field	communities.
We	 tested	 these	 hypotheses	 using	 a	 pot-based	 monoculture	
study	 grown	 under	 field	 conditions,	 which	 included	 25	 common	
grassland	 species	 from	 three	 plant	 functional	 groups	 (PFGs)	 (i.e.	
grasses,	 forbs	 and	 legumes)	 and	 covering	 a	wide	 range	 of	 above-	
and	below-ground	trait	variation.	 In	parallel,	we	set	up	a	grassland	
community	 experiment	 manipulating	 plant	 species	 and	 functional	
diversity.	 Factorial	 combinations	 of	 plant	 species	 from	 the	 same	
functional	groups	used	in	the	monoculture	experiment	were	added	
to	extant	grassland	communities	to	create	a	gradient	of	plant	species	














2  | MATERIAL S AND METHODS
2.1 | Study site and experimental design
Both	 experiments	 were	 conducted	 within	 Ingleborough	 National	
Nature	Reserve	in	northern	England	(54°	11'	38.7"	N,	2°	20'	54.4”	
W)	as	described	by	Leff	et	al.	(2018).	Plant	communities	at	both	sites	
are Lolium perenne–Cynosurus cristatus-dominated	grasslands	(MG6;	
Rodwell,	1998)	and	are	situated	at	300	m	a.s.l.	Annual	average	daily	
minimum	and	maximum	temperatures	between	1981	and	2010	were	




structed	 in	May	 2013	 from	 polypropylene	 pots	 (38	×	38	×	40	cm)	
filled	with	 10	cm	 of	 rinsed	 gravel	 and	 20	cm	 sieved	 topsoil;	 a	 de-
sign	consistent	with	other	studies	(Bardgett	et	al.,	2006;	Harrison	&	
Bardgett,	2010;	Legay	et	al.,	2016;	Orwin,	Ostle,	Wilby,	&	Bardgett,	
2014).	 Topsoil	 was	 collected	 from	 the	 adjacent	 meadow	 and	 is	 a	
clayey	 brown	 earth	 over	 limestone	 bedrock	 (pH	~	5.8;	 8.9	 C%;	
0.92	N%)	 from	 the	Malham	 series	 of	 Eutric	 Endoleptic	 Cambisols	
(Cranfield	University,	2018).	The	meadow	is	lightly	grazed	by	sheep	




the	monoculture	experiment	 (Table	S1).	 The	 species	 selected	 rep-
resent	the	three	dominant	plant	functional	groups	(PFG)	typical	of	
British	mesotrophic	meadow	grasslands	(Rodwell,	1998;	Smith	et	al.,	
2008).	 The	 PFGs	 used	 here	 (i.e.	 grasses,	 forbs	 and	 legumes)	 have	
been	 widely	 used	 in	 experiments	 because	 plants	 from	 the	 same	
functional	 group	have	 similar	 effects	 and	 responses	 to	 ecosystem	
processes	and	environmental	conditions	respectively	(Hooper	et	al.,	
2005).	Furthermore,	 these	 species	encompassed	a	breadth	of	 leaf	
trait	variation	(e.g.	SLA:	12–45	mm2/mg;	shoot	N:	7.8–44.7	mg	N	g−1; 
Table	 S1),	 comparable	 to	 one	 of	 the	 longest	 running	 experiments	
exploring	the	role	of	plant	diversity	in	ecosystem	functioning	(SLA:	
8–38	mg	N	g−1;	 shoot	 N:	 15–50	mm2/mg;	 Roscher	 et	 al.,	 2018).	
Plants	 were	 germinated	 in	 a	 greenhouse	 from	 commercial	 seed	
(Emorsgate	Seeds,	King's	Lynn,	Norfolk,	UK).	Then,	30	seedlings	of	
each	species	were	transplanted	into	pots	to	produce	monocultures	
of	25	species	 (n	=	4	 replicates	per	species	or	100	pots	 total);	 such	
seedling	 densities	 are	 comparable	with	 previous	 studies	 (Legay	 et	
4  |    Journal of Ecology DE LONG Et aL.
al.,	 2016;	Orwin	 et	 al.,	 2014).	 The	 planted	monocultures	were	 ar-







soil	material	were	collected	 from	all	monocultures	 in	 July	2015	at	























































































thereby	 generating	 a	 hybrid	 between	 restoration	 practices	 and	
more	manipulative	 experiments	 (i.e.	 those	 that	 till	 under	 the	 ex-
















because	 it	 is	well	known	that	environmental	conditions	 (i.e.	plants	
grown	 in	 pots	 in	monocultures	 vs.	 those	 grown	 in	mixed	 commu-
nities	 in	 the	 field)	 can	 have	major	 effects	 on	 traits	 (Siefert	 et	 al.,	
2015),	which	could	further	impact	on	ecosystem	functions	(Albert,	
Grassein,	Schurr,	Vieilledent,	&	Violle,	2011;	de	Bello	et	al.,	2011).	

























represented	 in	the	monoculture	experiment	 (Table	S1).	 In	October	
2016,	root	samples	were	collected	from	five	4.5-cm	diameter	cores	
of	 10	cm	 depth	 taken	 from	 each	 of	 the	 40	 plots	 across	 all	 treat-
ments	 immediately	 adjacent	 to	 the	gas	 rings	 (see	below).	Because	
root	 systems	 of	 individual	 plant	 species	 are	 highly	 intertwined,	 it	




as	 the	monoculture	 experiment.	 Leaf	 trait	 data	 from	 the	 commu-
nity	plots	was	then	combined	with	the	vegetation	survey	data	(see	
above)	 from	within	 the	gas	 flux	base	 rings	 (Figure	S1)	 to	 calculate	
CWM	trait	values	for	each	plot	following	Garnier	et	al.	(2007).
2.3 | Soil nutrients and microbial properties
Soils	were	 collected	 from	 the	monocultures	 (one	6.8-cm	diameter	
core)	and	the	community	experiment	(three	randomly	sampled	2-cm	
diameter	cores	per	plot)	 in	July	2015	and	June	2016,	respectively.	
In	 the	 community	 experiment,	 soil	 samples	 were	 collected	 adja-
cent	 to	 the	gas	 flux	base	 rings	 (see	below).	This	was	done	so	 that	
we	could	continue	to	take	measurements	from	within	the	gas	rings	
without	disturbing	the	soil	and	plant	communities.	Five	grams	(fresh	
weight)	 of	 soil	 was	 extracted	 with	 25	ml	 of	 1	M	 KCl	 and	 shaken	
for	1	hr.	 Extracts	were	 frozen	 at	 −18ºC	until	 analysis	 for	 available	
NH4-N,	 NO3-N,	 total	 inorganic	 nitrogen	 (TIN),	 dissolved	 organic	
nitrogen	 and	 total	 nitrogen	 (N)	 on	 a	 Seal	 AA3	 Segmented	 Flow	
Multi-chemistry	 analyser	 (Mequon,	 WI,	 USA).	 Microbial	 C	 and	 N	
were	 measured	 using	 chloroform-fumigation	 (Brookes,	 Landman,	
Pruden,	&	Jenkinson,	1985).	The	bases	Mg,	K,	Al	were	leached	from	
a	subsample	of	soil	with	ammonium	acetate	and	analysed	by	optical	
emission	 spectroscopy	with	 inductively	 coupled	 plasma	 excitation	
(Blakemore	 &	 Dyer,	 1959).	 Microbial	 community	 structure,	 based	




1991),	 as	modified	by	Buyer	 and	Sasser	 (2012)	 and	 analysed	on	 a	
gas	chromatograph	(Agilent	7890A	Gas	chromatograph,	Santa	Clara,	
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CA).	Abundance	of	PLFAs	is	expressed	in	µg/g	dry	weight	soil.	PLFAs	
were	assigned	as	 indicators	of	fungal	and	bacterial	abundance	(De	









sheeting	 (92%	 light	 transmission)	 fixed	 to	 a	 polypropylene	 frame.	






were	made	 of	 translucent	 domed	 plastic	 cloches,	 30	cm	 diameter	
and	35	cm	height,	fitted	to	a	polypropylene	ring	sealing	against	the	











radiation)	 that	were	 taken	simultaneously	at	 the	 time	of	each	 flux	
measurement.
2.5 | Statistical analyses
First,	 exploratory	 principal	 component	 analyses	 (PCA)	 were	 per-
formed	 to	 identify	 patterns	 of	 shoot	 and	 root	 trait	 covariation	 as	
well	as	covariation	in	soil	biotic	and	abiotic	properties	in	the	mono-
culture	and	community	experiments.	Two	components	from	each	of	
the	 trait	PCAs	and	 three	 components	 from	each	of	 the	 soil	 PCAs	
were	 retained	based	on	 parallel	 analyses	 using	 the	nFactors	 pack-
age	 in	 R.	 Relationships	 between	 variables	 loading	 strongly	 on	 the	
retained	components	were	then	examined	by	pairwise	linear	regres-
sions	to	assess	links	between	shoot	and	root	traits,	and	traits	and	soil	
properties	 in	 both	 the	 monoculture	 and	 community	 experiments.	
Additionally,	standard	major	axis	regressions	(SMA)	were	performed	







cies	 diversity	 and	 relative	 abundance,	 and	 the	 soil	microbial	 com-




ing	 permutations	 (999)	 to	 account	 for	 the	 blocking	 design.	 In	 ad-
dition,	 the	 effects	 of	 the	 functional	 group	 addition	 treatments	on	
the	 functional	attributes	of	 the	plant	communities	were	 tested	by	
one-way	ANOVA	for	individual	shoot	and	root	traits	and	collectively	



























3.1 | Linkages between plant traits, soil properties 
and C fluxes in monocultures
Exploratory	PCA	and	SMA	analyses	of	the	trait	data	from	the	mono-
culture	experiment	revealed	primary	axes	of	leaf	and	root	trait	vari-
ation	related	most	strongly	 to	 tissue	N	concentrations;	 these	axes	
scaled	positively	with	each	other	 (R2	=	0.19,	p	≤	0.001;	Figure	S5a;	
Table	S6).	The	secondary	leaf	and	root	axes	were	related	to	LDMC	
and	root	morphology	 (i.e.	SRL,	 root	diameter),	 respectively	 (Figure	
S2a,b),	whereas	 the	 second	 leaf	 axis	 scaled	weakly	with	 both	 the	
first	 (R2	=	0.11,	 p	=	0.005)	 and	 second	 (R2	=	0.06,	 p	=	0.034)	 root	
trait	 axes	 (Table	 S6).	 Pairwise	 regressions	 between	 traits	 showed	












variation	 (R2	=	0.48,	 p	≤	0.001)	 in	 soil	 NO3-N	 compared	 to	 roots	
(R2	=	0.21,	p	≤	0.001).	Additionally,	all	of	the	leaf	traits	were	related	

















weight	 had	 a	 direct	 negative	 effect	 on	 net	 ecosystem	 exchange	





through	 three	 indirect	 paths.	 First,	 plants	 with	 higher	 SLA	 and	
shoot	N	resulted	in	lower	shoot	dry	weight	(−0.42),	which	directly	
led	to	lower	ecosystem	respiration	(0.45).	Second,	higher	SLA	and	
shoot	N	were	 associated	with	 higher	 root	 N	 (−0.42).	 Soil	 abiotic	
properties	were	not	related	to	ecosystem	respiration.	Plants	with	
higher	N	 content	 (i.e.	 root	 nutrients)	were	 associated	with	 lower	
root	 biomass	 (0.31;	 direction	 of	 relationship	 inverted	 for	 techni-
cal	reasons),	but	neither	the	root	economic	traits	nor	root	biomass	
were	 associated	 with	 ecosystem	 respiration.	 Finally,	 plants	 with	
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3.2 | Linkages between plant traits, soil 










legumes	were	 added	 (Figure	S6e,f),	while	 grass	 cover	 and	 richness	

















richness	 (FRic)	 and	 functional	 diversity	 (FDiv)	 across	 the	 40	 plots	
ranged	from	0.03	to	1.84	(CV	64.82%)	and	0.66	to	0.93	(CV	7.98%),	
respectively	(Table	S12).
Of	 the	 leaf	 and	 root	 traits	measured	 in	 the	 community	 exper-
iment,	 only	 leaf	 N	 and	 root	 N	 were	 positively	 related	 (R2	=	0.12,	
p	=	0.046;	Figure	4,	and	Table	S9).	This	pairwise	relationship	under-
pinned	the	significant	covariation	(R2	=	0.10,	p	=	0.047;	Table	S6)	be-
tween	 the	primary	axes	of	 shoot	and	 root	 trait	variation	 from	the	
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contrast,	root	N	was	not	related	to	soil	concentrations	of	N	(Table	
S10).	 PermANOVA	 revealed	 that	 the	PFG	 addition	 treatments	 did	
not	 result	 in	 significant	 differences	 in	 the	 composition	 of	 the	 soil	
microbial	communities	 (R2	=	0.08,	p	=	0.572).	However,	root	N	was	























Here,	we	 assessed	 relationships	 between	 leaf	 and	 root	 traits,	 soil	






erate	 predictors	 of	 ecosystem	C	 fluxes	 (i.e.	 ecosystem	 respiration	
and	net	ecosystem	exchange)	 in	monocultures,	primarily	 indirectly	
through	their	 influence	on	shoot	biomass.	However,	 in	mixed	spe-











In	contrast	 to	prior	 studies	 (e.g.	Freschet	et	al.,	2010,	Craine,	Lee,	
Bond,	Williams,	&	Johnson,	2005),	only	15%	and	10%	of	the	varia-
tion	in	the	root	axis	was	explained	by	the	leaf	axis	in	the	monocul-





may	be	because	 in	 the	monocultures,	 individual	 species	 showed	a	
more	coordinated	response	between	above-	and	below-ground	or-
gans	due	to	a	lack	of	interspecific	competition	or	other	confounding	
factors	 (e.g.	more	complex	 soil	 abiotic	and	biotic	 conditions)	pres-
ent	 in	 the	mixed	field	communities.	Nonetheless,	 the	coordination	
of	 leaf	 and	 root	 C	 and	N	 in	 both	monocultures	 and	 communities	
supports	 prior	 observations	 of	 integrated	 leaf	 and	 root	 resource	
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strategies	and	a	potential	whole-plant	economic	spectrum	(Freschet	





species	 (Kramer-Walter	 et	 al.,	 2016)	 and	 Ma	 et	 al.	 (2018)	 found	
that	at	the	global	 level	root	traits	do	not	follow	the	same	patterns	








F I G U R E  7  Partial	least-squares	path	models	showing	the	relationships	between	leaf	and	root	traits,	soil	properties,	microbial	community	
attributes,	above-ground	biomass	and	(a)	net	ecosystem	exchange	(GoF	index	0.4623)	and	(b)	ecosystem	respiration	(GoF	index	0.4383)	in	
mixed	grassland	communities.	Reflective	LVs	(black	ovals)	are	indicated	by	measured	variables	(grey	boxes)	with	their	respective	loadings	
shown.	The	width	of	the	arrows	indicates	the	strength	of	the	causal	relationships	supplemented	by	standardized	path	coefficients	(*p < 0.05; 
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mixed	 communities	 were	 similar.	 In	 monocultures,	 we	 found	 that	
shoot	 and	 root	C	 and	N,	 as	well	 as	 SLA	and	RDMC,	were	moder-
ate	 predictors	 of	 soil	 inorganic	 N,	 while	 shoot	 traits	 such	 as	 SLA	




N,	 as	 in	 the	monocultures,	but	 there	was	a	 stronger	 link	between	




potentially	 leading	 to	 tighter	 associations	 between	 root	 traits	 and	
the	soil	microbial	community	(Hortal	et	al.,	2017).	Furthermore,	the	
PLS-PMs	showed	contrasts	in	the	relationships	between	plant	traits	
and	 soil	 abiotic	 and	 biotic	 properties	 between	 monocultures	 and	
communities.	In	the	monocultures,	links	were	detected	between	leaf	
traits	and	soil	abiotic	properties,	as	well	as	between	root	nutrients	













able	 niche	 space	 (Kumordzi	 et	 al.,	 2015).	 Indeed,	 previous	 studies	
that	have	identified	relationships	between	root	traits	and	soil	prop-
















Our	 third	 hypothesis	was	 also	 partially	 supported:	 plant	 traits	
and	soil	properties	helped	predict	C	fluxes	in	monocultures,	but	not	




























able	 due	 to	 strongly	 contrasting	 environmental	 gradients	 (Grigulis	





variation	 of	 some	 traits	 across	 individual	 plots	was	 relatively	 high	










variation	 in	our	 field	 communities	were	 reasonably	 representative	





treatments	probably	 reflects	 the	 relatively	 short	 timeframe	of	our	
experiment.	 It	 likely	also	reflects	that	our	experimental	plots	were	
not	pretreated	 (i.e.	 tilled	or	 sprayed	with	herbicide)	prior	 to	 seed-
ing	 and	 planting,	which	 is	 consistent	with	 biodiversity	 restoration	
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practice	 in	 agriculturally	 improved	 grasslands	 (Smith	 et	 al.,	 2008).	







ically	 found	 in	manipulative	grassland	experiments	 (Roscher	et	 al.,	
2004;	Spehn	et	al.,	2005;	Tilman	et	al.,	2001).	Therefore,	the	number	
of	 species	present	 in	 this	 system	may	be	beyond	a	critical	 thresh-
old	where	any	further	changes	in	plant	trait	diversity	can	impact	on	
ecosystem	 processes.	 This	 finding	 has	 important	 implications	 for	
restoration	practices	where	 there	 is	 a	 growing	 consensus	 that	 re-
lationships	between	functional	traits	and	ecosystem	processes	can	









In	 conclusion,	 despite	 detecting	 some	 similar	 relationships	 be-
tween	 leaf	and	root	traits	and	soil	properties	 in	monocultures	and	
mixed	 species	 plots,	 relationships	 were	 fewer,	 weaker	 and	 often	




respiration.	This	 finding	suggests	 that	broad	scale	patterns	 linking	
functional	 traits	 to	 ecosystem	 processes	 might	 not	 hold	 at	 local	






sity	manipulations	 at	 local	 scales	 do	 not	 necessarily	 lead	 to	 rapid	
changes	 in	 soil	 properties	 that	 are	 typically	 seen	 in	more	artificial	
plant	diversity	grassland	experiments	both	in	the	field	and	in	meso-
cosms	(Milcu	et	al.,	2014;	Roscher	et	al.,	2004;	Tilman	et	al.,	2001).	
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